To the Editor:
Monoclonal Gammopathy of Undetermined Significance (MGUS) and Smoldering Myeloma (SMM) consistently precede symptomatic Multiple Myeloma (MM) requiring systemic therapy [1] . Several factors have been identified to predict higher risk of progression in asymptomatic patients [2] . High-risk chromosomal aberrations (CA) are associated with an increased risk of progression into symptomatic myeloma [2] [3] [4] . The impact of subclones and clonal evolution during progression of asymptomatic myeloma has not been extensively studied. So far only two published studies analyzed paired samples acquired at the time-point of MGUS/SMM and after progression into MM [5, 6] . In the current study, we investigated the presence of subclonal CA in patients with SMM and correlated findings with established baseline risk factors for disease progression as well as outcome. Second, we analyzed paired samples from SMM patients with and without progression into MM to characterize clonal evolution. We identified 191 eligible SMM patients for our analyses. Longitudinal samples were available in 67 SMM patients, in 43 patients after progression into MM and in 24 patients still at the stage of SMM without progression. We also included 139 patients with iFISH analyses at primary diagnosis and relapse after autologous stem cell transplantation (ASCT) who were previously reported [7] to illustrate the impact of selection pressure imposed by systemic therapy. Analyses were approved by the local ethics committee and performed in accordance with the Declaration of Helsinki.
iFISH was performed using the following probes: 1q21, 5p15, 5q35, 8p21, 9q34, 11q23, 13q14, 15q22, 17p13, and 19q13, the translocation probes t(4;14), t (11;14) , and t (14;16) as well as a probe for IgH rearrangements. Threshold for all aberrations was 10%. As described previously [8, 9] , subclones were defined by a clone size smaller than two thirds of the largest clone and an absolute difference of at least 30%. Hyperdiploidy (HD) was defined by gains of at least two odd-numbered chromosomes, the presence of gain 1q21, del 17p13, t(4;14) and t(14;16) defined high-risk CA. Detailed statistical analyses can be found in the supplemental material.
Of the 191 patients, 114 harbored subclones. Analyses of baseline characteristics revealed no significant differences between SMM patients with or without subclones at primary diagnosis ( Supplementary Table 1 ). Follow-up data were available in 171 SMM patients. During a median follow-up of 61 months, 76 events occurred. Rate of progression was 29.5% at two years for the entire cohort. Patients with an elevated M-Protein and BMPC had a twoyear progression rate of 65.1% (Fig. 1a ).
We confirmed that the presence of t(4;14), del 17p13, gain 1q21, del 8p21, and del 13q14 were linked to higher risk of progression. The effects were more pronounced if the respective CA were present as main clone instead of subclone. Figure 1d summarizes results of univariate analyses.
The presence of any subclone was not prognostic in the overall cohort (HR 0.91 [0.58;1.44], p = 0.7), but the prognostic subclone effect was different for patients with HR-CA in main clone (interaction p = 0.04). Patients harboring high-risk CA were at even higher risk, when additional subclones were found (1.85 [1.01, 3.4]; p = 0.048, Fig. 1b ). This effect was observed regardless whether subclones were confined to additional high-or standard-risk chromosomes and was also found in patients without elevated M-Protein and BMPC according to the MAYO clinic model (Fig. 1c ). Multivariate analysis accounting for elevated M-Protein, BMPC, and an HD karyotype confirmed subclones to be an independent risk factor for progression in patients with high-risk main clone (2.34 [1.16, 4 .71]; p = 0.02, Supplementary  Table 2 ).
In 89 patients we found IgH translocations with unknown partners (main clone: n = 56; subclone: n = 33). Patients with the respective CA exhibited a lower risk of progression into symptomatic disease (0.62 [0.39; 0.98]; p = 0.041), especially if present as subclone (0.28 [0.12, 0.66]; p = 0.004; Fig. 1d ).
We investigated changes in CA after progression from SMM into MM in 43 patients with longitudinal iFISH analyses. No changes between both time points were found in 22 patients. De novo CA after progression were detected in seven patients. In eleven patients a subclone present at initial diagnosis of SMM grew out to become the main clone at time of progression into symptomatic MM and three patients showed both, a de novo CA as well as an evolving subclone.
Analyses of single CA showed especially in chromosomes associated with HD evolution of initially present subclones to main clone in progressive SMM (Supplementary Fig. 1 ). Extensive changes in both directions were observed in paired samples from primary diagnosis and relapse after ASCT ( Supplementary Fig. 1 ). Patients with progressive disease showed evolving subclones and de novo lesions for del 17p13 and gain 1q21. This pattern was more pronounced in patients with relapse after ASCT than progression from SMM to MM ( Supplementary Fig. 2 ).
Defined IgH translocations remained stable in progressive SMM and MM. However, de novo and evolving IgH translocations with unknown partners occurred in subsets of patients with progressive SMM and relapsed MM ( Supplementary Fig. 3) .
When analyzing median time from first iFISH to progression into symptomatic disease, we found significant differences based on the occurrence and evolution of CA. Patients without any changes or evolving subclones had the shortest TTP (11.2 months and 16.2 months, respectively) while patients with de novo CA or both de novo CA and evolving subclones had longer median TTP (39.8 months and 43.5 months, respectively; p = 0.02). In patients with symptomatic MM and relapse after ASCT, analysis of median time from initial iFISH to progression showed no significant differences when comparing patients with and without de novo CA (31.6 months and 27.6 months; p = 0.1). Figure 2a shows individual times to progression according to clonal evolution and initial BMPC.
After progression from SMM to MM, patient exhibited higher BMPC and M-Protein as well as lower hemoglobin levels compared with baseline ( Fig. 2b) . Progressive patients without new CA had significantly higher BMPC at baseline compared with patients with de novo CA (21.0% versus 11.5%, respectively; p = 0.02, Fig. 2) .
Two recent studies that investigated clonal evolution in a small number of patients with progressive asymptomatic plasma cell disorders identified two different types of progression [5, 6] . Both studies described clonal stability, i.e., no significant changes in clonal architecture, as one major mode of progression. In accordance with our findings, clonal stability was associated with a shorter time to progression, while in case of spontaneous evolution median TTP was longer [5] . Authors hypothesized that patients with the respective evolution pattern needed a longer time to accumulate enough malignant plasma cells [5] . This is supported by the fact that we found lower numbers of BMPC at baseline in patients with evolving CA, while no significant differences for BMPC and M-Protein were found after progression.
When looking at longitudinal changes of single CA over time, we observed evolution of subclones into main clones especially in chromosomes associated with HD and to a lesser extend in chromosomes linked to hypodiploidy and high-risk disease. This underlines the hypothesis that SMM patients with high-risk CA or an HD karyotype experience accelerated disease progression with a shorter time to surpass the threshold of disease burden needed to cause secondary end-organ damage (or fulfillment of Slim-CRAB criteria) [3] .
In accordance with a recent subgroup analysis of the Myeloma XI trial, we did not observe differences in time from initial iFISH analyses to relapse after ASCT according to the pattern of cytogenetic evolution [10] . In contrast to progressive SMM, this underlines the importance of selection pressure imposed by chemotherapy that alters the natural history of cytogenetic evolution.
IgH translocations with unknown partners occur especially in patients with relapse after multiple lines of therapy [11] . Correspondingly, de novo and evolving clones with IgH translocations with unknown partners were observed in progressive SMM and relapsed MM. cMYC is one of the potential translocation partners and associated with adverse prognosis and refractory disease [11, 12] .
In contrast to the reported adverse prognosis in symptomatic disease, SMM patients with subclonal IgH translocations with unknown partners were the only patients with a lower risk of progression. A possible explanation for this finding might be that the respective translocation occurred before legitimate class switch recombination creating nonmalignant long-lived B-or plasma cells [13] . However, further sequencing studies are warranted to proof this hypothesis and to identify translocation partners.
Taken together, we show that subclonal CA are of prognostic significance, especially in cytogenetically defined high-risk SMM. Based on our findings, the time needed to accumulate a certain tumor load is partially defined by baseline disease burden and CA. However, risk of progression is not constant but might actually change during the course of the disease due to clonal evolution. This is supported by a recent study that investigated serum immune markers in MGUS patients over time [14] . Authors found for the first time a conversion from low-to high-risk MGUS based on changes in monoclonal proteins in up to 70% of patients with high-risk disease before progression [14] . These findings and our current study support repeated risk assessments in patients with asymptomatic plasma cell diseases. 
